Introduction
Asthma is a chronic eosinophilic and T-helper type 2 (Th2) airway inflammation leading to variable airway obstruction [1] . Recently, increasing evidence has been found of coagulation activation in the airways of asthmatic subjects after allergen challenges [2] [3] [4] . In addition to the local airway inflammation, systemic inflammation demonstrated by increased C-reactive protein (CRP) levels has been reported among asthmatic subjects compared with healthy controls [5] . The level of CRP has been shown to be higher during asthma exacerbation or exercise-induced bronchoconstriction in asthmatic patients [5] [6] [7] [8] . The link between inflammation and coagulation has been well demonstrated in systemic inflammatory diseases such as sepsis [9] , dengue virus infections [10] , and acute respiratory tract infections [11] . We hypothesized that during asthma exacerbation, airway and systemic inflammations increased, resulting in the activation of the systemic coagulation pathway. The coagulation system consists of three main parts, namely, clot formation from the activation of coagulation factors (including factors V, VII, VIII, IX, and X), anticoagulants to prevent clot formation, and fibrinolysis to lyse the existing clots. The objective of this study was to compare the levels of endothelial activation, coagulation marker, anticoagulant, and fibrinolysis during asthma exacerbation and the stable state. Therefore, von Willebrand factor (vWF) was measured to find evidence of endothelial activation. Plasminogen activator inhibitor type-1 (PAI-1) was used as an indicator of fibrinolytic function. Protein C was measured to determine anticoagulant activity. Coagulation markers, including D -dimer, prothrombin fragment 1 + 2 (F1 + 2), and thrombin-antithrombin complex (TAT), were measured. D -dimer, the smallest subunit of fibrin degradation products, was used as a marker of coagulation and fibrinolysis. F1 + 2 and TAT were evaluated as markers of clot formation.
Patients and Methods

Patients
Pediatric patients (aged between 5 and 15 years) at Ramathibodi Hospital, Bangkok, Thailand, suffering from asthma exacerbation between May 2013 and March 2014 were enrolled in the study. Patients with a personal history of coagulation disorders or thrombosis, cardiovascular diseases or airway anomalies, systemic inflammatory diseases, severe infection, major trauma, receiving blood transfusions within the previous 3 months, or receiving medications disturbing coagulation (such as systemic corticosteroids) were excluded.
Study Design and Protocol
This study was a prospective observational design. After patient enrollment, the severity of asthma exacerbation was assessed using an asthma exacerbation score ( table 1 ) [12] . A total score between 1 and 4 was considered as mild asthma exacerbation, 5-8 as moderate asthma exacerbation, and >8 as severe asthma exacerbation. Baseline characteristics including age, sex, severity of asthma, control of asthma as assessed by the Global Initiative for Asthma Guidelines [13] , and absolute eosinophil count in the peripheral blood were recorded. Two blood samples were collected to measure blood coagulation. The first sample was collected during the period of asthma exacerbation before systemic corticosteroid administration. The time period from symptom onset of asthma exacerbation to the first blood sampling was defined as the duration of asthma exacerbation in the current study. The second blood sample was collected in the morning during the stable state, defined by the Global Initiative for Asthma Guidelines as controlled or partly controlled asthma for at least 3 months after asthma exacerbation. The blood samples were collected in sodium citrate coagulation tubes and centrifuged to separate plasma. The plasma was immediately aliquoted and frozen at -80 ° C in a laboratory freezer. The sample aliquots were thawed and analyzed once without a repeated freeze-thaw cycle. This study was reviewed and approved by the Research Ethics Committee of the Faculty of Medicine, Ramathibodi Hospital, Mahidol University, Bangkok, Thailand. Written informed consent was obtained from the parents of the patients.
Measurement of vWF, PAI-1, Protein C, Coagulation Markers, and CRP vWF antigen was measured using a previously reported enzyme-linked immunosorbent assay [14] . Standard known vWF plasma of 99% was purchased from Siemens Health Care Diagnostics Products, GmbH, Germany for the calibration curve. Protein C activity was measured using an automated functional clotting protein C assay (Instrumentation Laboratory, Bedford, Mass., USA) based on the prolongation of activated partial thromboplastin time in the presence of activated protein C on the ACL 200 automated coagulation analyzer (Beckman Coulter, Fullerton, Calif., USA). Standard known activated protein C plasma of 100% from the manufacturer was used for the calibration curve. PAI-1 was measured using an enzyme-linked immunosorbent assay (Sekisui, Stamford, Conn., USA). D -dimer was assayed using an enzymelinked fluorescence assay (Biomérieux, Marcy l'Étoile, France). 77 F1 + 2 and TAT were analyzed using a sandwich enzyme immunoassay (Siemens, Marburg, Germany). CRP was analyzed using an enhanced immunoturbidimetric assay (Abbott Laboratories, Abbott Park, Ill., USA). All measurements were performed according to the manufacturer's instructions.
Statistical Analysis
Statistical analysis was performed using SigmaPlot software version 12. Descriptive statistical methods (mean ± SD, median with interquartile range, IQR, and frequency) were used. Analyses of the differences in CRP and blood coagulation levels during asthma exacerbation and the stable state were performed using the Wilcoxon signed-rank test. The differences in blood coagulation levels among the three groups of the duration of asthma exacerbation were analyzed using the Kruskal-Wallis test. Linear regression analysis was used to correlate blood coagulation levels and the asthma exacerbation score. Correlation between blood coagulation levels and CRP was analyzed using liner regression analysis. A p value of <0.05 was considered statistically significant.
Results
Twenty-two patients were enrolled, 54% of whom were male. Their mean age (±SD) was 8.5 ± 3.0 years. The median clinical asthma exacerbation score was 4 (IQR: 2-5). Sixteen patients (73%) had mild asthma exacerbation, while 6 patients (27%) had moderate asthma exacerbation. No patient with severe asthma exacerbation was enrolled. The median duration of asthma exacerbation was 12 h (IQR: 4.88-15.50). The major precipitating causes were upper respiratory tract infection (67%) and poor compliance or improper drug administration (33%). The median absolute eosinophil count in the peripheral blood was 244 cells/μl (IQR: 142.5-467.5), and median CRP during asthma exacerbation was 4.46 mg/l (IQR: 2.16-15.45). Baseline characteristics of the patients before enrollment are presented in table 2 .
Comparison of CRP, vWF, PAI-1, Protein C, and Coagulation Markers during Asthma Exacerbation and the Stable State
The median CRP during asthma exacerbation was significantly higher than that of the fig. 1 a) . The median PAI-1 during asthma exacerbation was significantly higher than that of the stable state: 41.9 ng/ml (IQR: 21.91-48.61) versus 26.17 ng/ml (IQR: 15.89-34.44), p < 0.03 ( fig. 1 b) . The median protein C during asthma exacerbation was significantly lower than that of the stable state: 101% (IQR: 87.5-117) versus 112% (IQR: 92.65-154.5), p = 0.01 ( fig. 1 c) . Median levels of D -dimer, F1 + 2, or TAT did not significantly differ between the asthma exacerbation and the stable state ( fig. 1 d-f) .
Correlation between CRP, vWF, PAI-1, Protein C, and Coagulation Markers and Severity of Asthma Exacerbation
A significant correlation was observed between D -dimer and asthma exacerbation score: R = 0.466, p = 0.027 ( fig. 2 d) . However, no significant correlations were demonstrated between other parameters, including vWF, PAI-1, protein C, F1 + 2, and TAT, and asthma exacerbation score ( fig. 2 ) . No significant correlation was observed between CRP and asthma exacerbation score: R = 0.294, p = 0.185.
Correlation between vWF, PAI-1, Protein C, and Coagulation Markers and Duration of Asthma Exacerbation
The kinetic changes of blood coagulation during asthma exacerbation with different durations of asthma exacerbation were further analyzed. Patients experiencing 78 asthma exacerbation for <7 h had significantly lower levels of protein C than those experiencing asthma exacerbation for 7-12 h or >12 h (p < 0.05; fig. 3 c) . In contrast, levels of vWF, PAI-1, D -dimer, F1 + 2, and TAT did not significantly differ among patients with different durations of asthma exacerbation ( fig. 3 ) .
Correlation between vWF, PAI-1, Protein C, and Coagulation Markers and CRP Level Exacerbation
A significant correlation was observed between vWF and CRP: R = 0.527, p = 0.012 ( fig. 4 a) . However, no significant correlations were demonstrated between other parameters, including PAI-1, protein C, D -dimer, F1 + 2, and TAT, and CRP ( fig. 4 ) . 
Discussion
Previously, coagulation and fibrinolysis have been regarded as processes that occurred only in blood vessels. Coagulation and anticoagulation are known to be activated locally in the airways, particularly in the inflamed airways, by conditions such as acute respiratory distress syndrome, pneumonia, lung fibrosis, and respiratory viral infections [15] . Patients with influenza-like respiratory tract infections had significant changes in blood coagulation levels compared with their baseline levels [11] .
The coagulation system consists of three main pathways: clot formation, fibrinolysis, and anticoagulation. In this study, we compared the levels of vWF, PAI-1, protein C, and coagulation markers during asthma exacerbation and the stable state among pediatric patients. We have demonstrated that the median levels of vWF and PAI-1 during asthma exacerbation were significantly higher than those of the stable state. Both vWF and PAI-1 are stored in the endothelial cells [16] . During the stable state, the inactivated endothelial cells were driven by the hemo- static balance in favor of fibrinolysis through activated protein C generation and the production of tissue plasminogen activator [16, 17] . Activated protein C has been shown to neutralize PAI-1, which indirectly leads to an increase in fibrinolytic activity [18] . Increased vWF and PAI-1 during asthma exacerbation can be explained by the activation of the endothelium, whereby both vWF and PAI-1 are released. Majoor et al. [19] evaluated the plasma vWF, PAI-1, and coagulation markers after rhinovirus infection, a common cause of asthmatic exacerbation, in mild asthma patients and healthy controls. The rhinovirus infection led to significantly higher plasma PAI-1 levels in asthmatic patients than those in controls. Notably, the increased PAI-1 levels after rhinovirus infection were also significantly higher than the patients' baseline levels [19] . In the current study, we have demonstrated increased PAI-1 and decreased activated protein C in the patients' plasma during asthma exacerbation. An increased PAI-1 level impairs fibrinolysis, and then the promotion of clot formation will occur. Simultaneously, the activated protein C possesses an anticoagulant activity as well as enhancing fibrinolysis, leading to the balance of the coagulation system. In addition, we have demonstrated the positive correlation of D -dimer, the smallest subunit of fibrin degradation products from clot formation and fibrinolysis, and the severity of asthma exacerbation represented by the clinical asthma exacerbation score. A decreased level of protein C during asthma exacerbation was also demonstrated in the current study. Ultimately, an increased amount of clot formation and impaired fibrinolysis would occur in patients exhibiting severe asthma exacerbation resulting from increased PAI-1 and decreased protein C. Anticoagulants such as heparin or activated protein C may have a role during severe asthma exacerbation. Intravenous heparin has been shown to improve asthma symptoms in previous studies [20, 21] . However, the current study could not demonstrate increased clot formation during asthma exacerbation expressed as F1 + 2 and TAT. This is possibly explained by the fact that the asthma exacerbation in this study was not severe enough, so the fibrinolytic and anticoagulant processes could be kept in balance.
In a subgroup analysis on the causes of asthma exacerbation, we did not find significant differences in the levels of CRP, vWF, PAI-1, protein C, and coagulation markers between children who had asthma exacerbation from respiratory tract infection and those from poor compliance. As a result, the changes in vWF, PAI-1, and protein C during asthma exacerbation should be explained from asthma but not from respiratory tract infection.
The activation of protein C during asthma exacerbation has been demonstrated in the airways [2, 22] . We have shown decreased protein C in the blood during asthma exacerbation compared with the stable state. As a result, the activation of protein C (to become activated protein C) could also happen systematically during asthma exacerbation. Also, the levels of protein C among patients with different asthma exacerbation durations differed significantly. It was found that those with asthma exacerbation for <7 h had the lowest protein C levels. It has been postulated that the coagulation pathway was activated during early asthma exacerbation, and protein C was used. After 7 h of asthma exacerbation, the coagulation system could maintain the equilibrium through the increased production of protein C.
Inflammation and coagulation are closely linked. When inflammation occurs, activation of the coagulation pathway actively supports increasing inflammation [23] . Similar to related studies [5] [6] [7] [8] , we have also demonstrated increased CRP during asthma exacerbation compared with the stable stage. However, no significant association was observed between asthma exacerbation severity and levels of PAI-1, protein C, coagulation markers, and CRP. We have observed a significant association between CRP and vWF during asthma exacerbation. This finding can be explained from the link between systemic inflammation and endothelial activation.
Although asthma exacerbation is considered to be an inflammatory process of airways locally, our study demonstrated that coagulation in the blood stream is also affected. Changes in vWF, PAI-1, and protein C level were observed during asthma exacerbation. The strength of our study was the actual situation of asthma exacerbation compared with the stable state individually. In addition, blood samples were drawn before corticosteroid administration, possibly affecting the inflammation and coagulation outcomes. Because all studied patients were categorized as having mild or moderate asthma severity by the clinical asthma score, the changes in inflammation and coagulation were minimal. Therefore, all patients were responsive to counterbalance, leading to the normal values of the majority of the laboratory tests compared with the normal value from our laboratory: vWF = 50-150%, PAI-1 = 4-43 ng/ml, protein C = 64-141%, D -dimer <500 ng/ml, F1 + 2 = 69-229 pmol/ml, and TAT = 2-4.2 μg/ml. When inflammation is severe, the activation of the coagulation cascade will be prominent, resulting in a more severe coagulation derangement or disseminated intravascular coagulation. The levels of vWF, PAI-1, protein C, and coagulation mark-ers should be abnormally low or high according to their function.
In the current study fibrinolysis was measured indirectly only from the level of PAI-1, an inhibitor of fibrinolysis, due to the limited availability of the commercial kit. The circadian variation of PAI-1 demonstrated the peak level in the morning and the lowest level at night. Our patients had the first blood sample drawn during asthma exacerbations: 13 children (59%) had asthma exacerbation in the morning, and 9 children had asthma exacerbation in the evening, which should be the lowest level of PAI-1 according to the circadian variations. In addition, the second blood samples during the stable asthma stage were collected in the morning, which was demonstrated to be the peak level. However, our study demonstrated that the level of PAI-1 during asthma exacerbation increased significantly compared with the level of PAI-1 at the stable stage, even though the blood samples were drawn in the morning during the peak level of PAI-1. Further study on the role of fibrinolysis and asthma exacerbation should be evaluated by measuring plasmin, plasminogen, or plasmin-α 2 -antiplasmin complex.
Conclusion
This study demonstrated evidence of increased endothelial activation and increased PAI-1 during asthma exacerbation. D -dimer, the smallest subunit of fibrin degradation products from clot formation and fibrinolysis, was positively correlated with the severity of asthma exacerbation. Protein C, an important anticoagulant protein that enhances fibrinolysis, was significantly lower during early asthma exacerbation. Anticoagulants or activated protein C may have a role in treating severe asthma exacerbation.
